Fly ash contains the potentially toxic elements As, B, Cr, Mo and Se which upon contact with water may be leached to contaminate surface and subsurface water bodies. This study aims to evaluate the adsorption of these elements from coal fly ash leachates on Fe 3þ -modified bentonite (Fe-Bent); such modification improved the physicochemical properties of bentonite clay. For optimization of adsorption of the five elements, the effects of time, adsorbent dosage, adsorbate concentration, and pH were optimized. Adsorption affinity of oxyanions followed in the order B ¼ Se > Mo > Cr ¼ As.
INTRODUCTION
Coal combustion for power generation in power utilities produces large volumes of waste materials such as bottom ash, fly ash, boiler slag, flue gas desulfurization and non-captured particles (Gitari et al. ; Pandey et al. ; Eze et al. ) . Coal fly ash constitutes 90% of the produced waste (Gitari et al. ) . Coal fly ash is captured from power utilities by means of mechanical devices such as electrostatic precipitators, and scrubbers (Steenari et al. ; Yao et al. ) . After collection, fly ash is hydraulically transported to holding ponds, lagoons, landfills and slag heaps where it can be reacquired for treatment purposes or discarded (Masindi & Gitari ) . The transportation water is recollected as penstock overflow and recirculated for more ash slurry (Iyer ; Gitari et al. ; Masindi & Gitari ) . Thereafter, it is disposed of to a series of ash retention ponds, lagoons, landfills and slag heaps (Bhattacharyya ecosystems. This will go a long way in minimizing the risk of contamination of surface and underground water resources by ash retention ponds.
To date, very few documented studies have been developed to solve the problem of leaching of potentially toxic chemical species from wet disposal ash retention systems.
This signifies a need for stringent regulations that proclaim that no dry or wet fly ash disposal is permitted unless proper treatment technology is in place. Also, it is of the utmost importance to contain and treat coal fly ash leachates prior to pollution of surface and subsurface water contamination. This will be the best way for power utilities to conserve water resources and eliminate probable environmental problems that may arise. The overall purpose of this study is to evaluate the feasibility of modifying bentonite clay by polymeric species of Fe 
EXPERIMENTAL Sampling and preparation of bentonite clay samples
Bentonite clay was obtained from ECCA Pty (Cape Town, South Africa) and coal fly ash was collected from the Hendrina power utility in Mpumalanga, South Africa. All reagents used in this study were of analytical grade. The raw bentonite clay samples were washed with ultra-pure water (Millipore, USA). The washed bentonite was then dried in an oven for 24 hours at 105 W C. The samples were milled into fine powder using a vibratory disc mill RS 200 miller, Retsch (Haan, The Netherlands).
Modification of bentonite clay samples
The optimum conditions for loading Fe 3þ polycations onto a bentonite clay lattice were observed to be 30 min of contact time, 2 g of adsorbent dosage and 100 mg L -1 of adsorbate concentration (Masindi & Gitari ) . Bentonite clay, 10 g, was transferred into a 1,000 mL high density polyethylene (HDPE) container containing 500 mL of 100 mg L 
Effect of supernatant pH
Effects of pH were evaluated by adjusting the pH of aqueous media to the required pH using HCl or NaOH at the beginning of batches, and not controlling afterwards. Other conditions were 30 min of equilibration, 1:100 S/L ratios, 15 mg L -1 and 26 W C temperatures. Optimum adsorption conditions obtained were used for treatment of coal fly ash leachates.
Coal fly ash leachate generation and treatment
Coal fly ash generation
Coal fly ash leachates were generated at 10 g:100 mL S L -1 ratio using ultra-pure water. Three 10 g samples of coal fly ash were measured and transferred to individual 250 mL HDPE plastic containers with 100 mL of ultra-pure water. The mixtures were equilibrated for 60 min on a reciprocating table shaker. After agitation, the leachates were filtered through a 0.45 μm pore nitrate cellulose filter membrane and acidified with two drops of concentrated HNO 3 acid to prevent aging and immediate precipitation of As, B, Cr, Mo and Se ions. The samples were refrigerated at 4 W C until analysis by PerkinElmer 700 series ICP-OES (inductively coupled plasma optical emission spectrometry).
Coal fly ash treatment
One hundred mL of coal fly ash leachates was transferred into three 250 mL HDPE containers and 4 g of Fe-Bent was added. The mixtures were equilibrated for 60 min using a reciprocating orbital shaker. After shaking, the mixture was filtered through a 0.45 μm cellulose membrane. The filtrates were acidified with three drops of nitric acid and stored in the refrigerator until analysis for As, B, Cr, Mo and Se using PerkinElmer 700 series ICP-OES.
Modelling of experimental results
Determination of % removal and adsorption capacity were carried out using Equations (1) and (2):
where
Theoretically, the R 2 value varies from 0 to 1. The R 2 value shows the variation of experimental data as explained by the regression equation (Masindi & Gitari a) . In the present study, the regression coefficient (R 2 ) was applied to point out the relationship between the experimental data and modelling results.
Adsorption mechanisms
Traditionally, the adsorption of ions has been described by adsorption isotherms. Adsorption isotherms are models which are used to describe the relationship between equilibrium concentration of the adsorptive and the quantity of adsorbate on the surface at constant temperature. Mainly, they are employed to describe the mechanisms and intensity of adsorption. The two commonly used isotherms were used to point out the mechanisms of adsorption, and they are the Langmuir and Freundlich adsorption isotherms.
These models indicate whether adsorption processes are taking in homogenous or heterogeneous surfaces (Sparks
RESULTS AND DISCUSSION

Chemical characterization
Variations in chemical composition of raw bentonite clay and Fe-Bent are presented in Table 1 .
The experimental results show that that bentonite clay is primarily characterized with Al, Si, and Fe as the predominant elements ( . A high surface area will enable modified clay to encapsulate low density anionic species in aqueous solution.
The pH PZC was observed to increase from 8.0 for raw bentonite clay to 9.0 for Fe 3þ modified bentonite clay. An increase in pH PZC shows that modification will favor adsorption of anions from aqueous media. Effect of agitation time
The 
Effect of ion concentration
The effects of adsorbate concentration on the adsorption of As, B, Cr, Mo and Se by Fe-Bent were evaluated at the contact Therefore, 10 mg L -1 was selected as the optimum adsorbate concentration for subsequent experiments.
Effect of supernatant pH
The effects of pH on adsorption of As, B, Cr, Mo and Se 
Adsorption capacities of Fe-Bent
The variation of adsorption capacities of Fe-Bent for As, B, Cr,
Mo and Se at optimized conditions is presented in Table 2 .
As shown in Table 2 , as the concentration of species in solution increases, the amount adsorbed also increases. At low concentrations, the limiting factor on adsorption is the adsorbate concentration. The overall adsorption capacity of Fe Bent was 1.86 mg g -1 .
Adsorption mechanisms
As mentioned above, Langmuir and Freundlich adsorption isotherms were employed to describe the mechanisms of 
where Ce ¼ equilibrium concentration (mg L ).
These parameters are listed in Table 3 .
The Langmuir adsorption isotherm can also be expressed in terms of R L , a dimensionless factor known as a separation factor (Equation (5)). It is used to determine whether the reaction was favorable or not.
where Co ¼ initial concentration. If R L is between 0 and 1, the adsorption is favorable (Sparks & Sparks ) .
The results of adsorption efficiency Qm and adsorption energy b of the adsorbent concludes that the maximum adsorption corresponds to a saturated monolayer of adsorbate molecule on the adsorbent surface with constant energy. However, a high Qm value confirms that there was enhanced adsorption at a very low temperature. To confirm the favorability of the adsorption process, the separation factor (R L ) was computed and is presented in Table 3 . The value was found to be in the range of 0-1, indicating that the adsorption process is ongoing and favorable. Moreover, the regression coefficient (R 2 ) is above 0.86 (86%) for As, B,
Mo and Se, indicating a positive, very good and strong mathematical fit. For Cr, it showed 60% fit, hence indicating a positive and fairly strong mathematical fit.
The Freundlich adsorption isotherm describes the heterogeneous surface energy by multilayer adsorption and is expressed in linear form (Equation (6)):
and n ¼intensity of adsorption. The Freundlich adsorption isotherm constants for As, B, Cr, Mo and Se onto Fe 3þ modified bentonite clay is shown in Table 4 .
According to Masindi et al. (c) , an n value between 1 and 10 represents beneficial adsorption. The n value in the present adsorption experiment is 1.8, 1.6, 2.8, 3.3, and 1.8 respectively, hence confirming that the adsorption process is favorable. Also, the above reason suggests that the present adsorption process occurred on a heterogeneous surface and obeyed the Freundlich isotherm strongly. The correlation of Freundlich adsorption isotherms showed very good and strong mathematical fits, thus revealing that the adsorption process was taking place on homogenous and heterogeneous surfaces, hence forming inner and outer sphere complexation.
Treatment of coal fly ash leachates under optimized conditions
The results of the treatment of coal fly ash leachates with FeBent under optimized conditions are shown in Table 5 .
As shown in Table 5 , for raw bentonite the adsorption of Final pH 11 9 6-9 n ¼ 3.
